We have developed a new hybrid droplet-to-digital microfluidic platform (D2D) that integrates droplet-inchannel microfluidics with digital microfluidics (DMF) for performing multi-step assays. This D2D platform combines the strengths of the two formats-droplets-in-channel for facile generation of droplets containing single cells, and DMF for on-demand manipulation of droplets including control of different droplet volumes (pL-μL), creation of a dilution series of ionic liquid (IL), and parallel single cell culturing and analysis for IL toxicity screening. This D2D device also allows for automated analysis that includes a feedback-controlled system for merging and splitting of droplets to add reagents, an integrated Peltier element for parallel cell culture at optimum temperature, and an impedance sensing mechanism to control the flow rate for droplet generation and preventing droplet evaporation. Droplet-in-channel is well-suited for encapsulation of single cells as it allows the careful manipulation of flow rates of aqueous phase containing cells and oil to optimize encapsulation. Once single cell containing droplets are generated, they are transferred to a DMF chip via a capillary where they are merged with droplets containing IL and cultured at 30°C. The DMF chip, in addition to permitting cell culture and reagent (ionic liquid/salt) addition, also allows recovery of individual droplets for off-chip analysis such as further culturing and measurement of ethanol production. The D2D chip was used to evaluate the effect of IL/salt type (four types: NaOAc, NaCl, [C 2 culturing in microtiter wells, validating the D2D platform. We believe that our approach represents a generic platform for multi-step biochemical assays such as drug screening, digital PCR, enzyme assays, immunoassays and cell-based assays.
Introduction
Single cell analysis has become a valuable means to analyze cells since it is able to decipher individual cells within a heterogeneous population. The single cell approach can assist our understanding of complex biological systems on the cellular level that can not be obtained through population averages. This requires meticulous investigations on the growth of single cells in response to a variety of chemical and biological cues.
One area of interest is screening single cells for effective biofuel production and microbial toxicity to a variety of chemicals from upstream pretreatment processing of lignocellulosic biomass.
Recently, lignocellulosic biofuels have attracted a lot of attention as they provide an attractive alternative to fossil fuels as they are derived from non-food crops and have a lower impact on the environment. 1, 2 The key steps in cellulosic biofuel production involve the thermochemical pretreatment of biomass, followed with enzymatic saccharification of the pretreated biomass, and fermentation of the resulting sugars into ethanol or other biofuels in a host such as yeast. A promising pretreatment technology is ionic liquid (IL) pretreatment [3] [4] [5] because of their ability to efficiently dissolve and fractionate biomass and produce higher yield of lignin-free cellulose from both grasses and woody biomass compared to other methods. 6 The pretreated cellulose is further broken down into simple sugars for downstream fermentation by cellulases (e.g. β-glucosidases). 7, 8 At high concentrations, some ILs used for pretreatment are toxic to most enzymes and organisms used for saccharification and fermentation, respectively. However, complete removal of IL from pretreated biomass and sugar is prohibitively expensive. In addition, a consolidated one-pot process with combined pretreatment and saccharification unit operations or consolidated pretreatmentsaccharification-fermentation unit operations are highly desirable. To eliminate the burden of complete removal of IL from sugar generated from IL pretreatment and to enable the efforts around one-pot consolidated processes, large numbers of enzyme variants and mutant strains have been generated that need to be screened for tolerance to IL, and selection of promising candidates for further process scale up. Significant efforts have been made to analyze ILs and to determine their effect on hydrolysis rates of pretreated lignocelluloses, 9, 10 and examine their toxicity in fungi and in bacteria. 11 Currently, the screening is done using large populations of cells with microtiter plates and cuvettes. [9] [10] [11] [12] However, the microtiter plate based screening has a number of drawbacks -it is slow, expensive as it uses a large amount of reagents, and suffers from poor quantification and reproducibility. In addition, in laboratories that lack robot dispensers and aspirators, this process requires a significant amount of manual labor and procedural optimization. Finally, planktonic cells such as yeast and E. coli exhibit erratic culture behavior (e.g. variations in biomass growth), which result in unusual growth patterns. 13, 14 Hence, an alternative to understand the effects of IL on biofuel-producing cell strains in populations is to isolate and analyze single cells for toxicity towards a specific IL in various concentrations. Microfluidic platforms offer a potential solution to overcome many of these drawbacks -they can drastically reduce the number of pipetting steps required, lower the cost of reagents by at least an order of magnitude, reduce the time required for screening, and potentially improve the throughput. Droplet-in-channel microfluidics has emerged as a very promising technology where pL-nL monodisperse droplets can be used as an alternative to microtiter wells to conduct high-throughput assays. 15, 16 This is a two-phase system where aqueous droplets are formed with a surrounding oil phase (there are also multiple phase systems [17] [18] [19] ). The droplet-inchannel format has been used for many applications including culturing and analyzing of single cells, [20] [21] [22] multistep enzyme assays, [23] [24] [25] and clinical diagnostics. 26, 27 A challenge with this format is the serial addition of reagents -akin to pipetting. Many different schemes have been proposed to add one reagent at a time to the aqueous droplet: droplet fusion, 28, 29 electrocoalescence, 30 picoinjection, 31, 32 and specialized microfabricated structures to induce droplet merging. 33, 34 These are innovative methods that require exquisite control over flow rates, timing, fluidic resistance, rate of droplet generation, and pressure fluctuation. Here, we present an alternative form of droplet microfluidics which has been shown to be an elegant platform for reagent addition via droplet merging -digital microfluidics (DMF). 35, 36 Digital microfluidics is well-suited for adding reagents in parallel and reagents can be mixed on demand without the requirement of optimal and precise flow rates. A DMF device typically comprises of an open array of electrodes covered with a dielectric and a hydrophobic layer. To move droplets, electric potentials are applied to the electrode such that electrostatic forces (i.e. qE) are generated which allow droplets to perform a number of different operations (e.g. move, merge, mix, split, and dispense). 36 The low reagent consumption and facile connection to analytical instruments has made DMF a popular platform for cell culture and assays. [37] [38] [39] [40] [41] [42] Typically, a density of cells is cultured in a droplet on the DMF platform and contains a surfactant, Pluronics, 43, 44 to minimize bio-fouling on the digital microfluidic surface. Although Pluronics has no adverse effects in the gene expression of mammalian cells 45 (and no change in their proliferation 42 ), the inhomogeneous nature of the Pluronics is not suitable for post-processing techniques such as mass spectrometry (MS) and/or HPLC. 46 In this report, we discuss a novel proof-of-principle architecture that combines the strengths of the two droplet microfluidic platforms (which we call droplet-to-digital microfluidics -D2D microfluidics) while overcoming the weaknesses of the individual devices. This device allows us to analyze cells without the use of Pluronics (e.g. F68 and F127) which permits compatibility with post-processing techniques such as HPLC and MS. Furthermore, it may also enhance the lifetime of device use since Pluronics is not a permanent solution to prevent biofouling. 43, 44 The most important advantage is the device configuration, which enables droplet generation by dropletsin-channels with parallel addition of reagents (on demand dispensing from reservoirs and splitting of droplets) and single cell analysis by digital microfluidics. Furthermore, this new technique allows manipulation of wide range of volumes (pL volumes for droplet-in-channels and pL-μL volumes for DMF) and is easily adaptable for automation. Here, we have applied our D2D device to analyzing ILs and determining their effects on downstream processes related to biofuel production (e.g. microbial growth and ethanol production). We propose that this system can be applied to a wide range of applications that requires screening of single cells that involves addition of multiple reagents with a variety of volumes, automation, and post-processing analysis.
Materials and methods

Reagents and materials
Unless otherwise specified, general-use reagents were purchased from Sigma Aldrich. Sacchromyces cervisiae strain BY4742 was obtained from the JBEI Registry (https://registry.jbei.org). SYTO-9, a stain for nucleic acid in yeast was purchased from Life Technologies (Grand Island, NY).
D2D microfluidic device fabrication
Droplet-to-digital (D2D) microfluidic devices were fabricated in the University of California Biomolecular Nanotechnology The droplet microfluidic devices were fabricated using soft lithography techniques. Briefly, we first fabricated the microfluidic channels using SU-8-2025 photoresist on a 4" silicon wafer (i.e. a master mold). Following Microchem's guidelines, the structure of the master has a height of 140 μm, generating the same dimension height in the PDMS mold. The master was silanized with trichloroĲ1H,1H,2H,2H-perfluorooctyl) silane (97%, Aldrich) overnight. PDMS (Sylgard 184, Dow Corning, Midland, MI) mixed at a ratio of 10 to 1 (base to curing agent) was poured onto the master, placed in a vacuum to remove bubbles for 12 h, cured at 80°C for 1 h, and peeled away. The inlet and outlet holes were punched into the layer of channels using a Harris Uni-Core with a tip diameter of 0.75 mm. We exposed the PDMS and a glass substrate to oxygen plasma (Harrick Plasma, Ithaca, NY) for 3 min at max RF power and bonded the PDMS and substrate in contact to form a permanent seal.
To assemble the capillary interface (which was purchased from IDEX -item no. 1572, PEEK tubing 360 μm O.D, 150 μm I.D. × 5 ft), one end of the capillary was inserted into the outlet of the droplet microfluidic device and the other end was inserted into the channel on the DMF device (a channel directed to the 300 μm electrodes). After insertion, the capillary was adhered to the device using 40 μm adhesive plate seal (PlateMax Ultraclear Sealing Film, Axygen, Union City, CA USA) and epoxy by UV curing for 1-2 min (Fig. 1a ). An exploded view is shown in ESI † (Fig. S1 ).
D2D microfluidic automated control
The droplets on the digital microfluidic device were controlled by an in-house C++ program which was used to control the application of driving potentials using an automated feedback control system for high-fidelity droplet movement. The feedback system is described elsewhere 41, 47, 48 and was used to monitor droplet movement on the device and droplet evaporation. Briefly, to move a droplet on a destination electrode, a 200 ms pulse of driving potential is applied to the destination electrode relative to the top-plate electrode. The output from the feedback system is connected to an analog input of an RBBB Arduino microcontroller (Modern Device, Providence, RI), which controls the control board containing solid-state switches (responsible for applying potential to the DMF device). The Arduino microcontroller was also used to control the Peltier cooler, which is used to maintain constant surface temperature on the DMF during cell culture. The neMESYS syringe pumps was controlled by an in-house C++ program that enables control of the flow rate of the liquids/ droplets in the droplet generator and the oil injection between the top and bottom layer of the DMF device to prevent evaporation of droplets on the DMF during cell culture. A figure showing the automated feedback system with the signal flow is shown in Fig. 3 . The automation code includes Arduino and C++ code to run the microfluidic experiments (see ESI †).
Macroscale ionic liquid screening experiments
Macroscale growth assays were performed using the Saccharomyces cerevisiae strain BY4742. A cryopreserved stock of the strain was streaked on agar plates of SD medium and supplemented with 20 g L −1 of glucose and incubated at Plates were incubated at 30°C with shaking for 24 h in a Tecan Infinite F200 Pro plate reader and OD600 was acquired every 20 min. To generate growth curves, the measured OD was corrected by subtracting the blank OD (i.e. only SD media) for each ionic liquid concentration and were plotted in the natural log scale. All experiments were repeated at least three times.
To quantitatively determine the impact of the ionic liquids on yeast growth, the growth kinetics were calculated using the following equation:
where μ is the growth rate, N is the O.D. of the cells at an initial and final time and t is the time. The O.D. values were taken at times in the exponential region (i.e. the linear region of the curve). A table of values to calculate the growth rate for a specific IL and concentration is shown in the ESI † (Tables S1 and S2 ). These growth rate values were tested for significance using a one-way ANOVA test with a post hoc Tukey analysis at a P-value < 0.05.
Microfluidic ionic liquid screening experiments
To ensure monodisperse droplet generation and prevention of merging of droplets in the generator, channels were coated with Picoglide-1™ (0.5% w/w FC-40) (Dolomite Microfluidics, Charlestown, MA) using a neMESYS (Cetoni, Korbussen, Germany) syringe pump with a flow rate of 0. the culture was sonicated in a heated water bath (30°C) for 5 min. 80 μL of cells were then diluted in 1 mL of fresh media and then transferred to a 2.5 mL High-Precision Glass Syringe with Tubing connector 1/4-28 UNF thread (Cetoni) containing 500 μL of HFE 7500. This dilution was performed such that the majority of droplets generated contained no more than one cell (i.e. we are using Poisson's statistics). 15 Although this protocol results in the formation of some empty droplets, these droplets were manually actuated with droplets with a cell. Droplets containing two or more cells (<10% of the droplets) were analyzed as a droplet containing single cell. To generate the droplets containing a single cell, the oil (i.e. HFE 7500 with 0.5% v/v Picosurf) flow rate was set to 0.1 μL s −1 and then it was set to 0.05 μL s −1 when the oil reaches the T-junction. At the same time, the aqueous (i.e. cells in media) flow rate was set to 0.005 μL s −1 which generated~20 nL droplets containing a single cell. To image the cells inside the channel, cells were stained with SYTO-9 following the manufacturer's instructions. We used the same prepared cells for replicates and re-prepared fresh cells and media for other IL/salt conditions. To prepare the digital microfluidic device for single cell screening, the capillary was injected with HFE 7500 using a 3 mL syringe before connecting it to the droplet microfluidic device. This ensures there are no air bubbles trapped in the capillary during operation. To inject liquids (cell media and 300 mM ionic liquid/salt) into the reservoirs, we used two techniques. The first technique consisted of pipetting 3.0 μL liquids directly onto the reservoirs, filling the surrounding area with biocompatible oil (i.e. HFE 7500), and then placing the ITO top-plate. The second technique consisted of placing a capillary into the channel that is connected to the reservoir (see red channels in Fig. 1d ) and injecting the liquid into reservoirs with the syringe pump. The advantage of using technique two is the continuous filling of the reservoirs as the liquid in the reservoir is depleted using our automated control with feedback. The filling of the reservoir with liquid is performed with the ITO top plate and in biocompatible oil. After injection of the liquids, a serial dilution is conducted to create four concentrations: 0 mM (control), 37.5 mM, 75 mM, and 150 mM of ionic liquid using the automated system by generating a script using an in-house C++ program.
To generate growth curves, images of the cells were captured at different time intervals (0, 2, 6, and 24 h) using an inverted Olympus IX71 microscope connected to a scientific grade CCD camera (iXon EMCCD, Andor Technology, South Windsor, CT) at a 40× magnification. The cells from the images were counted manually or using Image J and these values were plotted vs. time. Growth kinetics were calculated using eqn (1) (above) and were tested for significance using a one-way ANOVA test and a Tukey's post hoc test using a P-value < 0.05.
Ethanol production in yeast
To quantify ethanol production in yeast, the cultures (after 24 h) on the D2D device were pipetted into 0.6 mL centrifuge tubes containing 0.3 mL of fresh media to ensure anaerobic growth. The tubes were sealed with parafilm and incubated at 30°C with shaking at 200 rpm. After 24 h, the cultures were filtered using a 0.2 μm membrane filter to collect the supernatant (and to remove yeast cells) before HPLC analysis. The quantification of ethanol was conducted using an Agilent 1200 HPLC equipped with a refractive index detector (Agilent, Santa Clara CA). Separations were achieved using an Aminex HXP-87H (300 × 7.8 mm, 9 μm) analytical column (Bio-Rad, Hercules, CA USA) with a Micro-Guard Cation H guard column (30 × 4.6 mm) at 50°C. A mobile phase of 4 mM H 2 SO 4 at 0.6 mL min −1 was used. A calibration curve was generated through the use of external standards.
Results and discussion
Droplet-to-digital (D2D) microfluidic device and operation
The goal of this work was to develop a microfluidic system to screen and to analyze cells that are tolerant to different types and concentrations of IL. Our microfluidic system joins a small group of studies that have used a combination ("hybrid") of microfluidic platforms. Although in these studies these "hybrid" systems are presented as digital-to-channel systems (which is different from our droplet-to-digital system), they do present interesting innovations that helped guide our work.
49,50
Abdelgawad et al. 49 presents a preliminary single-plate DMF configuration with a PDMS channel. However, it suffers a key limitation in which single plate DMF devices are not capable of dispensing droplets from reservoirs -a requirement if we are to create a library of samples with different concentrations. Watson et al. presented a second generation hybrid microfluidic device that uses a digital microfluidic device formed on a top substrate which is mated to a network of microchannels. Here, the fabrication is more complex (e.g. drilling holes for transferring reagents) and requires precise alignment procedures. Therefore, in this work, we chose instead to create two devices and mate them by using a capillary interface without specialized fabrication or precise alignment (as shown by some groups, 51-54 a capillary can be easily interfaced to a digital microfluidic device). Here, we describe the first implementation of a droplet-to-digital microfluidic device that is capable of parallel addition of multiple reagents on demand and single cell analysis.
To accurately compare the effect of various parameters on cell growth and ethanol production, it is important to start with a single cells in each droplet. In designing the D2D system shown in Fig. 1 , we evaluated a number of alternative strategies to obtain a single cell in a droplet, including pipetting a low density of cells into a reservoir on the DMF and use actuation to dispense a single cell from the reservoir. Dispensing on DMF can be accomplished by breaking a larger droplet into smaller droplets with reproducible volumes. 55 We attempted to generate a droplet with a single cell by starting with a larger droplet (reservoir) containing a low density of cells. However, cells in the reservoir tend to move away from dispensing electrode during actuation making it hard to dispense them. This behavior was attributed to the low-conductance of the cell media, which results in moving cells away from the high field. 56 Furthermore, dispensing a volume from a larger droplet is a random process on the digital microfluidic device and it is very difficult to obtain consecutive successful dispensed droplets containing only a single cell and to predict when a dispensed droplet has a single cell. On the other hand, encapsulation of single cells is easily accomplished in droplet-in-channel microfluidics by careful balancing of aqueous flow (containing cells) and oil flow and has been demonstrated by many groups. 57, 58 Hence, we used a droplet generator to create droplets encapsulating a single cell (with some droplets generated with no cells or two or more cells) (Fig. 1c) . This device made out of PDMS was stable over the course of many droplet generations, and could be used months later without loss of operation.
As shown in Fig. 1 , a key feature of our design is mating of two droplet devices via a capillary. Droplets with a single cell are generated in the droplet-in-channel chip and are pressure-driven through the capillary and translated onto the digital microfluidic device ( Fig. 1d ; see exploded view in ESI † Fig. S1 ). The step-by-step process is shown in Fig. 2 . Here, a droplet is generated in a biocompatible oil phase (i.e. HFE 7500) with 0.5% Picosurf surfactant (Fig. 2a) . We used this surfactant and oil as the combination has been shown to be biocompatible (and we believe that the surfactant and oil aided our prevention for biofouling on the DMF surface). 16, 22 The concentration of the surfactant was optimized to minimize merging of droplets inside the channel but at the same time allow merger with droplets containing the cell media and ionic liquid on the digital microfluidic device.
As the droplet reaches the capillary inlet, it is transferred to the DMF device where it reaches a section containing ten (a 5 × 2 array) 300 μm × 300 μm inter-digitated electrodes. This droplet is immediately actuated and merged with a IL/salt droplet on the digital microfluidic device (shown in frames 1-5 in Fig. 2b ). Serial dilutions of the IL/salt were formed by merging a droplet (0.1 μL) containing cell media and a 300 mM IL/salt droplet. By mixing this droplet in a circular pattern, 59 it produced a 2× dilution of the ionic liquid (frames 1-5 in Fig. 2c ). This 150 mM droplet was then split into two droplets. One droplet was actuated to the cell culture zone and the other was used for subsequent mixing with a dispensed cell media droplet resulting in droplets containing 75 and 37.5 mM concentrations (frame 6 - Fig. 2c ). Such operations would be very difficult to employ on a microchannel device as it would require valving or injection/coalescence techniques demanding optimal timing and control.
D2D automation system
An attractive feature of microfluidic platforms is easier automation (via control of voltages and fluid flow) than conventional fluid-handling robots. Here, we designed and built an integrated automated microfluidic system that is capable of culturing cell in different conditions (Fig. 3) . The platform comprises four core components: a feedback system for droplet sensing and detection, temperature control for culturing cells, flow rate control for droplet generation, and automated droplet movement on the DMF device. Automating these components together is challenging, as sophisticated control is required to ensure proper droplet movement and continuous cell culturing operation. Hence, a primary goal for the work reported here was the development of an automation system that is capable to automate single cell droplet generation and movement and to culture cells with unattended operation for extended periods of time. Shih et al. 41, 47, 48 recently reported an impedance sensing and feedback control system for high-fidelity droplet movement and sensing on digital microfluidic devices. The system is very useful for manipulating "sticky" droplets such as those containing proteins. We adapt this system for droplet actuation and sensing droplets on the D2D microfluidic system and incorporate additional features (e.g. controlling flow rates) to ensure compatibility with other microfluidic paradigms (e.g. droplet-in-channels) and continuous cell culturing and analysis. The automation workflow consists of executing five procedures: 1) flow rate control, 2) droplet sensing, 3) IL dilutions, 4) mixing and cell culture, and 5) evaporation prevention. The flow control consists of controlling a high-precision Fig. 3 Automation system controlling the D2D microfluidic device. This schematic shows the components and the signal flow that control droplet movement and sensing on the device, temperature control by the Peltier element, and flow rates from the syringe pump. The Arduino is used to control the Peltier and to maintain constant temperature in the culture regions on the DMF. An in-house C++ program is used to control neMESYS syringe pumps to maintain steady flow rates and to prevent droplet evaporation. Scripts are written in C++ using Codeblocks 10.05 (http://www.codeblocks.org/home) using their default GCC compiler which is included as ESI. † neMESYS syringe pump and flow is initially applied to start generation of the droplets. Once the droplets are created and contain a single cell, they are pressure driven to the interdigitated 300 μm electrodes on the DMF device via capillary. During the droplet generation phase, the feedback system continually (every 200 ms) applies 200 V (operating at 8 kHz) pulses to the 300 μm electrodes to check if a droplet from the generator is on the electrode. When a droplet is "sensed" on the electrode (i.e., detecting the difference in impedance when the electrode is not bearing a droplet and when there is a droplet on the electrode), it immediately stops the flow and the droplet containing a single cell is mixed with a droplet containing IL (IL dilutions were generated on the DMF previous to the flow rate control -see Fig. 2c and ESI † video). These four droplets are actuated to the cell culture zone and the Peltier heater was immediately ramped to its desired temperature (30°C). To culture the cells on DMF, we started a mixing sequence where we would circulate the droplet with cells around the 2 × 3 electrode array (incl. L-shaped electrode). Each actuation consists of 100 ms pulses and with a 500 ms break step (i.e. no electrodes are actuated). In initial studies, we observed that without this break step, dielectric breakdown would occur during the cycling of the droplet (~60% of the devices; N = 15). However, with an added break step to the mixing sequence, it eliminated the breakdown and we were able to achieve high-fidelity droplet movement. To prevent evaporation of the droplets, the device was initially flooded with oil (~1-2 mL of HFE 7500). The automation system injects oil between the top and bottom layers of the device through a capillary using the channels fabricated on the DMF device during cell culture. To start the oil infusion process, an electric potential of 200 V at 8 kHz is applied to a reference electrode (i.e. any electrode that does not hold a droplet) every 5 s. Two parameters are used for the infusion process: V oil and V measured . V oil represents the measured voltage across the reference electrode not bearing a droplet -in other words, with only oil between the top and bottom plates (we measured V oil = 0.174 ± 0.014 V; N = 12 on our devices). V measured is the voltage of the reference electrode during operation. If V measured < V oil (which represents the reference electrode being exposed to air -oil layer is evaporating), then oil is injected into the device at a flow rate of 10 μL s −1 . The flow would stop when the reference electrode reaches the threshold value (i.e. V measured > V oil ). Two syringes were used for this process and were each equipped with a 2-way valve that allows refill of the syringes and injection of oil into the device. Only one was used during operation and when it becomes empty, the other filled syringe is activated while the empty syringe is set to refill. This new automation system was capable of implementing flow control of droplets, temperature control, droplet manipulation and movement, and preventing droplet evaporation. We speculate that this approach will be useful for applications that require long incubation periods and automation (e.g. cell culturing in different conditions, screening clinical samples, or enzymatic chemical reactions).
Impact of IL on growth and ethanol production
We used the automated D2D microfluidic device to determine the effect of IL/salt type and concentration on the morphological structure and growth of a single yeast cell and compared it to conventional well-plate experiments. To conduct a microfluidic screen, the cultures were interrogated with four concentrations of each IL or salt (the automated screening workflow is shown in ESI † Fig. S2 ). For both platforms, the culture conditions (e.g. Peltier heater temperature and IL concentration) were maintained the same and a total of 16 IL/salt conditions were evaluated. To minimize clumping of yeast, we circulated the droplet of yeast cells in a circular pattern (as described in the methods section) during culturing on the D2D device using the automation system. Fig. S3 ). Fig. 5 and Table S3 † depict the growth curves and the growth rates respectively for the IL conditions tested in the well-plate and in the D2D microfluidic device. Well plate growth curves were generated by a well plate reader (Tecan F200) and absorbance measurements were obtained every 10 min up to 24 h. Each measurement was evaluated in triplicate. D2D microfluidic growth curves were generated by obtaining 40× microscope images and yeast cells were counted manually or using Image J. Samples using D2D microfluidics were evaluated in triplicate and error bars represent one standard deviation.
The growth curves shown in Fig. 5 are in qualitative agreement with respect to their growth profile (i.e. no IL shows largest growth at~24 h) for both platforms. The replicates of the control experiments (i.e. intra-experiments) showed good reproducibility whereas the inter-experiments (experiments between different IL/salt) showed some variation at 2 h and 6 h on the D2D device ( p = 0.004 and p = 0.001, respectively) but not in well-plates (see ESI † Fig. S4 ). We speculate the cells are exposed to fluctuating temperatures during preparation, in the syringe pumps, and in the droplet generator. These fluctuating conditions can directly affect their growth rates as the yeast travels through these various zones. Another cause for heterogeneity could be that the encapsulated single cell is at a different stage of its life cycle. In addition, growth was low or inhibited at concentrations greater than 37. for the same concentrations respectively. These disparities in the growth rates of the D2D device were of statistical difference ( p = 0.015) while the well-plate methods were not statistically significant ( p = 0.62). Dewan et al. 58 and
Wilson et al. 61 recently reported that the heterogeneity of population of cells is less prominent compared to single cells due to "averaging out" the population heterogeneity 58 or cellto-cell variation in the single cell analysis. 61 Therefore, we hypothesize that these effects may explain the differences in growth rates described here. We also studied the impact of IL type and concentration on ethanol production in yeast (see description in Fig. S2 †) . We evaluated the influence of IL/salt on ethanol production at 16 conditions (same as above). Cultures were grown on the D2D microfluidic device for 24 h and then cultured in anaerobic chamber for another 24 h. Ethanol concentration was evaluated by HPLC. Ethanol eluted at~20 min and was well separated from the other constituents (as shown in the chromatogram Fig. S5 †) . The ethanol production for each ionic liquid at four different concentrations is shown in Fig. 6 . The total ethanol production for each ionic liquid decreased with increasing IL concentration (Fig. 6a-d produced per cell for this ionic liquid (Fig. 6c inset) and it shows at 75 and 150 mM only produces 0.03-0.04 g L Development of an engineered IL-tolerant host can potentially eliminate or reduce the adverse effects of these solvents.
Conclusion
We have developed a novel automated droplet-to-digital (D2D) microfluidic platform for screening the effect of ionic liquids on cell growth and ethanol production. We also developed an automation system for conducting serial dilutions without pipetting, control temperature, and vary pressure flow (for preventing droplet evaporation and for delivering droplets with a single cell). In addition, this platform allows for the addition of reagents in parallel and single cell analysis. We tested our platform to screen multiple IL conditions that showed [C 2 mim] [OAc] had inhibitory effects on yeast growth and therefore significantly reduced their ethanol production. We also showed from statistical analysis that conducting single cell analysis using microfluidics resulted in observing differences in growth kinetics, which was not pronounced in the well-plate analysis. Here we demonstrate a 4-plex format but much higher level of multiplexing can be achieved using higher number of pixels in the array 63 or using bussed electrode configurations. 64 Furthermore, we have shown that this method allows a 600-fold reduction in volume compared to well-plate formats (which require from 200-800 μL) while our assay only requires a total of~120 nL. Although the single cell screening demonstrated here is focused on studying ionic liquid with biofuel applications, the automated microfluidic device demonstrated are applicable to many different organisms and may prove useful for a diverse range of applications in single cell analyses that require frequent reagent addition and mixing steps.
